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(57) Fibre k dispersion ddcal^e capable de limiter 
efficacCTeat Tapparition d'effets optiques non lin^aires 
et dont la configuration convient pour la transmission ^ 
grande distance. La fibre comporte diverses 
caract^ristiques i une longueur d*onde de 1 550 nm : un 
niveau de dispersion de 1,0 i 4^ ps/nm/km en valeur 
absolue, une section de coeur efficace d*au moins 70 
.mam , une longueur d'onde critique d'au moins 1 300 
nm pour une longueur de fibre de 2 m et une pente de 
dispersion de 0,05 d 0,09 ps/nm^/km. En outie, dans cette 
fibre d disp^on d6cal6e, la position maximisant la 
distribution de puissance optique en mode fondamental 



(57) The present invention provides a dispersion-shifted 
fiber which can effectively restrain nonlinear optical 
effects from occurring and is suitable for long-haul 
transmission. As characteristics at a wavelength of 
1,550 nm, this dispersion-shifted fiber has a dispersion 
whose absolute value is from 1 .0 to 4.5 ps/nm/km, an 

effective core cross-sectional area of at least 70 .mu.m , 
a cutoff wavelength of at least 1 ,300 nm at a fiber length 

of 2 m, and a dispersion slope of 0.05 to 0.09 ps/nm^/km. 
Also, in this dispersion-shifted fiber, the position where 
the optical power distribution in the fundamaital mode 
of the signal light is maximized is radially separated 
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la lumidre de signal est sdparde radialement du centre de 
la region du coeur suivant une distance pr6d6tenninte et, 
lorsque la puissance optique en mode fondamental de la 
lumi^re de signal au centre de la region du coeur est Pq, 
et la valeur maximale de la distribution de puissance 
optique en mode fondamental est Pj. la valeur maximale 
Pi est supdrieure i la valeur de 1,2 fois la puissance 
optique Pq au centre de la region du coeur. 



from the center of the core region by a predetermined 
distance, and. when the optical power in the fundamental 
mode of signal light at the center of core region is Pq and 
the maximum value of the optical power distribution in 
the fundamental mode is Pj, the maximum value Pj is 
greater than the value of 1.2 times the optical power Pq 
at the center of core region. 
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ARSTPACT OF nTgrT.nsiraR 

The present invention provides a dispersion-shifted 
fiber which can effectively restrain nonlinear optical 
effects from occurring and is suitable for long-haul 
transmission. As characteristics at a wavelength of 1 ,550 
nm, this dispersion-shifted fiber has a dispersion whose 
absolute value is from 1.0 to 4.5 ps/nm/km, an effective 
core cross-sectional area of at least 70 \uil\ a cutoff 
wavelength of at least 1,300 nm at a fiber length of 2 m, 
and a dispersion slope of 0.05 to 0,09 ps/nmVkm. Also, 
in this dispersion-shifted fiber, the position where the 
optical power distribution in the fundamental mode of the 
signal light is maximized is radially separated from the 
center of the core region by a predetermined distance, and, 
when the optical power in the fundamental mode of signal 
light at the center of core region is Po and the maximum 
value of the .optical power distribution in the fundamental 
mode is P^/ the maximum value P^ is greater than the value 
of 1.2 times the optical power P, at the center of core 
region . 
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TTTT.T! OF THTg TWVEWTTQN 

DISPERSION-SHIFTED FIBER 
Rftr.KCTQUWn OF THE TNVENTIQN 

Fi«>iH iihP Tnvftnt.iQn 
5 The present invention relates to a single-mode 

optical fiber applied to a transmission line for optical 
communications or the like and, in particular, to a 
dispersion-shifted fiber suitable for wavelength division 
multiplexing (WDM) transmission. 
10 Pftlated Bankyround Art 

Conventionally, in optical communication systems 
employing single-mode optical fibers as their transmission 
lines, light in the wavelength band of 1.3 jun or 1.55 \m 
has often been utilized as signal light for communications. 
15 Recently, from the viewpoint of reducing transmission loss 

in transmission lines, the light in the 1 . 55-Mm wavelength 
band has been in use more and more. The single-mode optical 
fiber applied to such a transmission line for light in the 
wavelength band of 1.55 Mm (hereinafter referred to as 
20 1.55-Mm single-mode optical fiber) is designed so as to 

nullify its wavelength dispersion (phenomenon in which 
pulse wave broadens because the propagating speed of light 
varies depending on its wavelength) for light in the 
wavelength band of 1.55 \m. (thus yielding a dispersion- 
25 shifted fiber having a zero-dispersion wavelength of 1.55 

fim). As such a dispersion-shifted fiber, for example. 
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Japanese Patent Publication No. 3-18161 discloses a 
dispersion-shifted fiber having a refractive index profile 
of a dual-shape-core structure, whose core region is 
constituted by an inner core and an outer core having a 
5 refractive index lower than that of the inner core. Also, 

Japanese Patent Application Laid-open No. 63-43107 and 
Japanese Patent Application Laid-Open No. 2-141704 
disclose a dispersion-shifted fiber having a refractive 
index profile of a depressed cladding/dual-shape-core 
10 structure, whose cladding region is constituted by an inner 

cladding and an outer cladding having a refractive index 
greater than that of the inner cladding. Further, V.A. 
Bhagavatula et al., OPC 95 Technical Digest, Paper ThHl, 
1995, and P. Nouchi et al., ECOC 96, Paper MoB.3.2, 1996 
15 disclose a dispersion-shifted fiber having a refractive 

index profile of a ring-shaped core structure. 

RecentJLy, on the other hand, since long-haul 
transmission has become possible with the advent of 
wavelength division multiplexing (WDM) transmission and 
optical amplifiers, there have been proposed, in order to 
avoid nonlinear optical effects, dispersion-shifted 
fibers employing a refractive index profile of the 
above-mentioned dual-shape-core structure or depressed 
cladding/dual-shape-core structure, whose zero- 
25 dispersion wavelength is shifted to the shorter wavelength 

side or longer wavelength side than the center wavelength 



20 



2 



SEI 97-28 



Of signal light (Japanese Patent Application Laid-Open No. 
7-168046 and U.S. Patent No. 5,483,612). Here, the 
nonlinear optical effects refer to phenomena in which 
signal light pulses are distorted in proportion to density 
5 of light intensity or the like due to nonlinear phenomena 

such as four -wave mixing (FWM) , self -phase modulation (SPM), 
cross-phase modulation (XPM) , or the like. Transmission 
speed and relaying intervals in repeating transmission 
systems are restricted by the nonlinear optical effects. 
10 Japanese Patent Application Laid-Open No. 8-248251 

proposes an optical fiber having a configuration which 
suppresses the occurrence of the above-mentioned nonlinear 
optical phenomena, which may be generated when light having 
a high power is incident on the optical fiber, thereby 
15 reducing the distortion in optical signals caused by these 

nonlinear optical phenomena. Such an optical fiber has a 
refractive index profile whose effective core cross- 
sectional area Ktt is designed to be greater than about 70 

20 Here, as disclosed in Japanese Patent Application 

Laid-open No. 8-248251, the effective core cross-sectional 
area A,„ is given by the following expression (1): 

wherein E is an electric field accompanying propagated 
25 light, and r is a radial distance from the core center. 
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On the other hand, dispersion slope is defined by the 
gradient of a graph indicating a dispersion characteristic 
in a predetermined wavelength band. 

SUMMARY OF THK TWVBNTIQN 

5 Having studied the foregoing prior art, the inventors 

have found the following problems. 

In general, while the dispersion slope increases as 
the effective core cross-sectional area A,te is greater, no 
consideration has been made in the conventionally proposed 

10 dispersion-shifted fibers so as to optimize their 

dispersion slope value, which relates to the occurrences 
of distortion in signal light waveform due to dispersion 
and nonlinear optical effects, from the viewpoint of 
reducing distortion in the whole waveform. 

15 Accordingly, in view of future advances in wavelength 

division multiplexing accompanying more sophisticated 
communications, expected is a situation where it is 
difficult to keep a transmission quality by simply 
employing a conventional dispersion-shifted fiber. 

20 In order to overcome the problems such as those 

mentioned above, it is an object of the present invention 
to provide a dispersion-shifted fiber for WDM transmission, 
suitable for long-haul submarine cables or the like, which 
has a structure for effectively restraining the nonlinear 
25 optical phenomena from occurring. 

The dispersion-shifted fiber according to the 
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present invention is a single-mode optical fiber for 
propagating signal light in a 1.55 \m wavelength band 
(namely, a wavelength in the range of 1,500 nm to 1,600 
nm) comprising a core region extending along a 
5 predetermined reference axis and a cladding region disposed 

around the outer periphery of the core region. This 
dispersion-shifted fiber has a zero-dispersion wavelength 
shifted to a shorter wavelength side or longer wavelength 
side from the center wavelength (1,550 nm) of the 1.55-|un 

10 wavelength band. 

In particular, as characteristics at the center 
wavelength (1,550 nm) of the 1.55-Mm wavelength band, the 
dispersion-shifted fiber according to the present 
invention has, at least, a dispersion whose absolute value 
15 is 1.0 to 4.5 ps/nm/km, a dispersion slope of 0.05 to 0.09 

ps/nmVkm, an effective core cross-sectional area of at 
least 70 \m\ and a cutoff wavelength of at least 1,300 nm 
at a fiber length of 2 m. 

in general, at a time of wavelength division 
multiplexing transmission, if the dispersion slope is small, 
a four-wave mixing which greatly distorts the waveform of 
a signal light is apt to occur. When the dispersion slope 
is large, on the other hand, the waveform of signal light 
is greatly distorted due to the synergistic effect of 
25 accumulated dispersion and self-phase modulation. 

AS a result of studies , the inventors have found that. 
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in the case where, at a wavelength of 1 , 550 nm, the absolute 
value of dispersion is 1.0 to 4.5 ps/nm/kmand the effective 
core cross-sectional area is 70 |im» or greater, the total 
amount of distortion in signal light waveform can be reduced 
in a long-haul transmission if the dispersion slope is 0.05 
to 0.09 ps/nmVkm. Here, the total amount of distortion 
refers to the sum of the distortion in signal light waveform 
caused by the four-wave mixings and the distortions in 
signal light waveform caused by the synergistic effect of 
accumulated dispersion and self-phase modulation. Thus, 
the dispersion-shifted fiber according to the present 
invention can restrain the distortion from occurring due 
to the nonlinear optical effects, thereby allowing 
high-quality signal transmission to be realized. 

Further, in the dispersion-shifted fiber according 
to the present invention, the core region is constituted 
by an inner core having a first refractive index, and an 
outer core disposed around the outer periphery of the inner 
core and having a second refractive index higher than the 
first refractive index; whereas a cladding region having 
a refractive index lower than the second refractive index 
is disposed around the outer periphery of the outer core. 
It means that this dispersion-shifted fiber can be suitably 
realized by a single-mode optical fiber having a refractive 
index profile of a ring-shaped core structure. 

in a dispersion-shifted fiber having a refractive 
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index profile of a dual-shape-core structure or depressed 
cladding/dual-shape-core structure, while its effective 
core cross-sectional area Kn is known to become large, its 
mode field diameter (MFD) also increases. This can also 
be seen from the fact that, as disclosed in Japanese Patent. 
Application Laid-open No. 8-220362, effective core 
cross-sectional area A.„ and MFD satisfy the following 
expressions 

A.« = k • « • (MFD/2)' (2) 
wherein k is a correction coefficient. Here, the effective 
core cross-sectional area A,„ is given by the above- 
mentioned expression (1). 

in a dispersion-shifted fiber having a refractive 
index profile of a ring-shaped core structure, by changing 
15 its core diameter (outside diameter of the outer core) while 

keeping the ratio between the outside diameter of the inner 
core and the. outside diameter of the outer core constant, 
the inventors have found the following facts. Namely, 
within a range where the core diameter is small, the greater- 
is the core diameter, the smaller becomes the effective 
core cross-sectional area A.„. Within a range where the 
core diameter is considerably large, by contrast, the 
effective core cross-sectional area Ktt increases together 
with the core diameter. It means that there are two core 
25 diameter values yielding the same effective core 

cross-sectional area A.» in a dispersion-shifted fiber 
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having a refractive index profile of a ring-shaped core 
structure. 

Similarly, in the dispersion-shifted fiber having a 
refractive index profile of a ring-shaped core structure, 
5 when the core diameter (outside diameter of the outer 

core) is changed while the ratio between the outside 
diameter of the inner core and the outside diameter of the 
outer core is kept constant, the dispersion slope changes 
as well* Namely, within a range where the core diameter 

10 is small, in response to increase in core diameter, the 

dispersion slope as well as the effective core cross- 
sectional area A^^t decreases • within a range where the core 
diameter is considerably large, by contrast, while the 
effective core cross-sectional area A.^^ increases in 

15 response to increase in the core diameter, the dispersion 

slope decreases. It means that, in the dispersion-shifted 
fiber having a refractive index profile of a ring-shaped 
core structure, there is a region of core diameter where 
the dispersion slope decreases in response to increase in 

20 the effective core cross-sectional area A^tt* 

In view of the foregoing, it is possible to obtain 
a dispersion-shifted fiber having both of an effective core 
cross-sectional area A^^f which is controlled so as to become 
greater and a dispersion slope which is controlled so as 

25 to become smaller. 

Consequently, when setting the effective core 
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cro8S*-sectional area A.^^ to a predetermined level, a 
desired dispersion slope value can be appropriately 
selected from two different dispersion slope values / thus 
making it easy to realize the dispersion-shifted fiber 
5 according to the present invention. 

Further/ in the dispersion-shifted fiber having a 
refractive index profile of a ring-shaped core structure , 
within a range where the core diameter is small, both 
effective core cross-sectional area A^^^ and MFD decrease 

10 as the core diameter increases. Within a range where the 

core diameter is considerably large, as the core diameter 
increases, the MFD decreases, whereas the effective core 
cross-sectional area A^^^ increases. Here, when changing 
the core diameter (outside diameter of the outer core), 

15 the ratio between the outside diameter of the inner core 

and the outside diameter of the outer core is kept constant. 
In general, -bending loss becomes smaller as the MFD is 
smaller and the cutoff wavelength is longer. From this 
viewpoint, the larger the diameter of the core is, the more 

20 advantageous it becomes. 

Specifically, according to the findings of the 
inventors, in order to realize a dispersion-shifted fiber 
having the above-mentioned characteristics, it is 
necessary to satisfy the following relationships: 

25 0.4 i Ra (= 2a/2b) ss 0.8 

5 ^m s 2b s 14 (Am 
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wherein 2a is an outside diameter of the inner core, and 
2b is an outside diameter of the outer core. 

Also, this dispersion-shifted fiber satisfies the 
following relationship: 

Anj - An, a 1% 

wherein An^ is a relative refractive index difference of 
the outer core with respect to the cladding region, and 
An, is a relative refractive index difference of the inner 
core with respect to the cladding region. Namely, since 
the dispersion value of the dispersion-shifted fiber 
depends on an amount of depression (An^ - An,) of a depressed 
area corresponding to the core center region in its 
refractive index profile in the diameter direction within 
the core region, it is necessary for this amount of 
depression to be at least 1.0% in order to obtain a 
sufficient dispersion value. The above-mentioned 
relationship between the outside diameter 2a of the inner 
core and the outside diameter 2b of the outer core is 
independent of the values of relative refractive index 

differences An^ and An,. 

Further, reducing the relative refractive index 
difference An, of the inner core with respect to the cladding 
region (enhancing its absolute value when it is negative) 
is effective in shortening cutoff wavelength . Accordingly , 
taking account of short-haul light transmission, in order 
to yield a cutoff wavelength of 1,550 nm or less at a fiber 
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length of 2 m, it is necessary for An, to be not greater 
than -0.4%. 

Though the cladding region can have a unitary 
structure (hereinafter referred to as matched cladding 
structure) , it can -also be constituted by an inner cladding 
disposed around the outer periphery of the outer core and 
having a third refractive index lower than the second 
refractive index (refractive index of the outer core) , and 
an outer cladding disposed around the outer periphery of 
the inner cladding and having a fourth refractive index 
higher than the third refractive index. Namely, the 
dispersion-shifted fiber can have a refractive index 
profile of a depressed cladding/ ring-shaped core structure 
(double structure). 

Since the dispersion-shifted fiber having a 
depressed cladding structure has an effect to decrease 
undesired 2-mode light, as compared with the 
dispersion-shifted fiber having a matched cladding 
structure without-a depression, the depressed cladding 
structure is effective to make a cutoff wavelength of 2-mode 
light become short. However, in the refractive index 
profile of the depressed cladding structure, when a width, 
which corresponds to a thickness (c-b) of the inner cladding , 
of a depression to be provided therein becomes too narrow 
(namely, the value 2c/2b approaches 1) or when a width of 
a depression provided therein becomes too wide (namely. 
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the value 2c/2b becomes too large), an effect of the 
depressed cladding structure with respect to the matched 
cladding structure can not be obtained. Therefore, it is 
necessary that the inner cladding has an appropriate outer 
diameter to the outer core, and it is preferable that the 
dispersion-shifted fiber having a refractive index profile 
of a depressed cladding/ ring-shaped core structure 
satisfies the following relationship: 
1.2 i 2c/2b s 2.2. 

in the dispersion-shifted fiber having a refractive 
index profile of a depressed cladding/ ring-shaped core 
structure, An^ is a relative refractive index difference 
of the outer core with respect to the outer cladding, 
whereas An, is a relative refractive index difference of 
the inner core with respect to the outer cladding. In this 
case, its cutoff wavelength becomes shorter than that of 
a dispersion-shifted fiber having a refractive index 
profile of a simple ring-shaped core structure with no 
depressed cladding structure, even when the values of 
relative refractive index differences An, and An, in the 
former are the same as those in the latter. 

on the other hand, in the conventional optical fiber 
disclosed in the above-mentioned Japanese Patent 
Application Laid-open No. 8-248251, the optical power 
distribution (or electromagnetic field distribution) is 
maxlJBized at the core center of the optical fiber . In order 
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to increase the effective core cross -sectional area A,„ 
while maintaining the form of optical power distribution 
having such a characteristic, it is necessary to broaden 
a skirt portion in the optical power distribution. Thus, 
in order to broaden the skirt portion in the optical power 
distribution, the conventional optical fiber is provided 
with another segment (outer core) disposed outside the 
center segment ( inner core ) . 

AS can also be seen from the above-mentioned 
expression. (2) , however, in the above-mentioned 
dispersion-shifted fiber having a refractive index profile 
of a dual-shape-core structure or depressed 
cladding/dual-shape-core structure, when the effective 
core cross-sectional area is increased, 
mode field diameter (MFD) increases together therewith. 

Due to the foregoing reasons, the optical fiber of 
the above-mentioned Japanese Patent Application Laid-open 
No. 8-248251, which is designed so as to enlarge the 
effective core cross-sectional area A.„, may be problematic 
in that bending loss increases as the effective core 
cross-sectional area A.,, becomes larger. 

Therefore, in order to effectively restrain the 
nonlinear optical phenomena from occurring while keeping 
the value of MFD small, the dispersion-shifted fiber 
according to the present invention has, at least, a 
refractive index profile of a ring-shaped core structure, 
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thereby, in a cross section perpendicular to a wave-guiding 
direction of signal light, the part where the optical power 
distribution in the fundamental mode of signal light or 
its accompanying electromagnetic field distribution is 
maximized is radially separated from the center of the core 
region by a predetermined distance. 

Even in an optical fiber having a refractive index 
profile of a ring-shaped core structure, when the outside 
diameter of its inner core is small, it does not yield a 
large difference in terms of the optical power distribution 
of propagated light or its accompanying electromagnetic 
field distribution as compared with an optical fiber having 
a refractive index profile other than that of the 
ring-shaped core structure. Namely, even in the optical 
fiber having a refractive index profile of a ring-shaped 
core structure, when the outside diameter of the inner core 
is small, the part where the optical power distribution 
of signal light in the fundamental mode or electromagnetic 
field distribution -is maximized becomes to substantially 
overlap with the center of the core region. In such a state, 
the characteristic of the refractive index profile with 
a ring-shaped core structure can not fully be exhibited. 

Specifically/ in the dispersion-shifted fiber 
according to the present invention, in a cross section 
perpendicular to a wave-guiding direction of signal light, 
the part where the optical power distribution of signal 
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light in a fundamental mode or its accompanying 
electromagnetic field distribution is maximized is 
radially separated from the center of the core region by 
about 0.5 Mm to about 5 (xm. 

In this case /satisfying the condition of expression 
(3) mentioned in the following is particularly preferable 
in <?rder to fully exhibit the effects of the refractive 
index profile with a ring-shaped core structure. Namely, 
the dispersion-shifted fiber according to the present 
invention satisfies a relationship of: 
> 1.2 X Po (3) 
wherein P, is an optical power of signal light in the 
fundamental mode at the center of the core region or an 
intensity of its accompanying electromagnetic field, and 
15 Pi is a maximum value, in a radial direction from the center 

of the core region, of optical power distribution of signal 
light in th^ fundamental mode or its accompanying 
electromagnetic field distribution. 

» As a result, while keeping the MFD of the 
dispersion-shifted fiber at a small value, the effective 
core cross-sectional area A.„ can be made greater, thereby 
the nonlinear optical phenomena can be reduced without 

increasing bending loss. 

The dispersion-shifted fiber according to the 
25 present invention is a dispersion-shifted fiber whose 

zero-dispersion wavelength is shifted from the center 
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wavelength (1/550 nm) of the above-mentioned 1.55-jun 
wavelength band by a predetermined amount. Thus, as the 
effective core cross-sectional area A,„ is enlarged while 
the zero-dispersion wavelength is shifted, signals can be 
5 more effectively restrained from deteriorating due to 

four-wave mixing. 

The present invention will be more fully understood 
from the detailed description given hereinbelow and the 
accompanying drawings, which are given by way of 
10 illustration only and are not to be considered as limiting 

the present invention. 

Further scope of applicability of the present 
invention will become apparent from the detailed 
description given hereinafter. However, it should be 
15 understood that the detailed description and specific 

examples, while indicating preferred embodiments of the 
invention, are given by way of illustration only, since 
various changes and modifications within the spirit and 
scope of the invention will be apparent to those skilled 
20 in the art from this detailed description. 

RPTRP ngfiPPTPTT OW OP TWR nPAWTNGS 

Fig. 1 is a view showing a cross-sectional structure 
of a dispersion-shifted fiber according to a first 
embodiment of the present invention and its refractive 
25 index profile in a diameter direction; 

Fig. 2 is a graph showing, in a dispersion-shifted 
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fiber having a refractive index profile of a ring-shaped 
core structure, changes in effective core cross-sectional 
area A,„ and MFD when its core diameter 2b (outside diameter 
of the outer core) is changed; 

Pig. 3 is a graph showing, in a dispersion-shifted 
fiber having a refractive index profile of a ring-shaped 
core structure, changes in cutoff wavelength and 
dispersion slope at a fiber length of 2 m when its core 
diameter 2b (outside diameter of the outer core) is changed; 

Figs , 4 to 7 are graphs for explaining changes in bit 
error rate (BER) caused by changes in dispersion slope, 
respectively showing those at dispersion slopes of 0.03 
ps/nmVkm, 0.05 ps/nmVkm, 0.09 ps/nmVkm, and 0.12 
ps/nm'/km; 

15 Pig. 8 is a view for explaining Q value; 

Fig. 9 is a view for explaining an optical power 
distribution in the fundamental mode of signal light in 
the dispersion-shifted fiber of Fig. 1 (including its 
cross-sectional structure and its refractive index profile 
20 in a diameter direction) ; 

Fig. 10 is a view for explaining an optical power 
distribution in the fundamental mode of signal light in 
a dispersion-shifted fiber according to a comparative 
example of the first embodiment (including its cross- 
25 sectional structure and its refractive index profile in 

a diameter direction); 
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Figs. 11 and 12 are views each showing a cross- 
sectional structure of a dispersion-shifted fiber 
according to a modified example of the first embodiment 
and its refractive index profile in a diameter directions- 
Fig. 13 is a view showing a cross-sectional structure 
of a dispersion-shifted fiber according to a second 
embodiment of the present invention and its refractive 
index profile in a diameter direction; 

Fig. 14 is a view for explaining an optical power 
distribution in the fundamental mode of the signal light 
in the dispersion-shifted fiber of Fig. 13 (including its 
cross-sectional structure and its refractive index profile 
in a diameter direction) ; 

Figs. 15 and 16 are views each showing a cross- 
15 sectional structure of a dispersion-shifted fiber 

according to a modified example of the second embodiment 
and its refractive index profile in a diameter direction; 

Pig. 17 is a table for explaining tolerances of 
structural parameters for realizing various 
characteristics of the dispersion-shifted fiber according 
to the present invention; 

Fig. 18 is a graph showing a relationship between the 
outside diameter of the inner core and the outside diameter 
of the outer core for realizing various characteristics 
25 of the dispersion-shifted fiber according to the present 

invention; 
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Fig. 19 is a graph showing an electromagnetic field 
distribution (corresponding to an optical power 
distribution) in a diameter direction in the 
dispersion-shifted fiber according to the present 
invention; 

Pig. 20 is a graph showing a relationship between 
distance (im) from the center of the core region to a 
position where the electromagnetic field value 
(corresponding to optical power) is maximized and MFD (m) 
in the dispersion-shifted fiber according to the present 
invention; 

Fig. 21 is a graph showing a relationship between 
distance (urn) from the center of the core region to a 
position where the electromagnetic field value 
(corresponding to optical power) is maximized and increase 
in loss (dB/km) caused by microbend; 

Fig. 2-2 is a table showing various characteristics 
of specific samples in the dispersion-shifted fiber 
according to the present invention; 

Fig. 23 is a graph showing an example of refractive 
index profile in the dispersion-shifted fiber according 
to the present invention and its optical power distribution 
along a diameter direction thereof; and 

Figs. 24 to 27 are views showing examples of 
refractive index profile applicable to the dispersion- 
shifted fiber according to the present invention. 
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In the following, embodiments of the dispersion- 
shifted fiber according to the present invention will be 
explained with reference to Figs. 1 to 27. In the 
explanation of the drawings, constituents identical to each 
other will be referred to with numerals identical to each 
other without their overlapping descriptions being 
repeated . 

Fig. 1 is a view showing a cross-sectional structure 
of a dispersion-shifted fiber according to a first 
embodiment of the present invention and its refractive 
index profile in a diameter direction. As shown in Fig. 
1, this dispersion-shifted fiber 100 is a single-mode 
optical fiber mainly composed of silica glass for 
propagating signal light in a wavelength band of 1.55 jm 
(l,500.to 1,600 nm), comprising an inner core 111 having 
an outside diameter of 2a and a refractive index of n^; an 
outer core 112 disposed around the outer periphery of the 
inner core 111 and having an outside diameter of 2b (i.e., 
diameter of a core region 110 is 2b) and a refractive index 
of n, (> no; and a cladding region 210 disposed around the 
outer periphery of the outer core 112, having a refractive 
index of n, (< n,) . Here, the core region 110 is constituted 
by the inner core 111 and the outer core 112. Also, a 
refractive index profile 101 indicates refractive index 
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at each part on line LI in the drawing. 

The dispersion-shifted fiber 100 is set such that, 
as characteristics at a wavelength of 1 , 550 nm, its absolute 
value of dispersion is within the range of 1.0 to 4.5 
5 ps/nm/km, dispersion slope is within the range of 0.05 to 

0.09 ps/nmVkm, effective core cross-sectional area is at 
least 70.|unS and cutoff wavelength at 2 m length is at least 
1,300 nm. 

In a preferred example thereof, when the refractive 
10 index n, equals to the refractive index n, (i.e., relative 

refractive index difference An, of the inner core 111 with 
respect to the cladding region 210 is zero), the relative 
refractive index difference An, of the outer core 112 with 
respect to the cladding region 210 which is defined bys 
15 An, = (n,^ - n/)/(2n/) (4) 

is 1.5%, the core diameter (outside diameter 2b of the outer 
core 112) is 9 Mm, and ratio Ra (= a/b) of the outside 
diameter 2a of the inner core 111 to the diameter 2b of 
the core region 110 is 0.6; obtained at a wavelength of 

20 1,550 nm are: 

dispersion (ps/nm/km) s -2.28 

dispersion slope (ps/nmVkm) ' 0.082 

effective core cross-sectional area (nm*)* 78.2 

MFD (|Ua) * 
25 cutoff wavelength (nm) at 2 m length : 2,510. 

in this specification, each relative refractive index 



21 




SEI 97-28 



difference is indicated by percent. 

in this preferred example, the cutoff wavelength is 
2,510 nm, thus failing to guarantee single-mode propagation 
of signal light in the 1.55-|im band at a fiber length of 
2 m. Nevertheless, since the cutoff wavelength becomes 
shorter as the transmission distance increases, the cutoff 
wavelength becomes shorter than the wavelength of signal 
light in the case of long-haul transmission such as that 
on the order of 1, 000 km, thus leaving no problem in practice 
(allowing single-mode propagation to be guaranteed). 

Fig. 2 is a graph showing changes in effective core 
cross-sectional area A.„ and MFD when the core diameter 2b 
(corresponding to outside diameter of the outer core 112) 
is changed. In Fig. 2, the relative refractive index 
difference An^ is 1.5%, and Ra (= a/b) is 0.6. 

It can be seen from Fig . 2 that, within the range where 
the core diameter 2b is not greater than 4 jua, both effective 
core cross-sectional area A,„ and MFD decrease as the core 
diameter 2b increases, within the range where the core 
diameter 2b is greater than 4 jun, by contrast, it can be 
seen that, as the core diameter 2b increases, while the 
MFD decreases, the effective core cross -sectional area A,„ 
increases . Namely, it can be seen that there are two values 
of core diameter 2b yielding the same effective core 
cross-sectional area h^tf 

Fig. 3 is a graph showing changes in cutoff wavelength 
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Xc and dispersion slope at a fiber length of 2 m when the 
core diameter 2b (corresponding to outside diameter of the 
outer core 2b) is changed. In Fig. 3, the relative 
refractive index difference Anj is 1.5%, and Ra (= a/b) is 
0.6. 

It can be seen from Fig. 3 that the cutoff wavelength 
\c becomes longer as the core diameter 2b increases. On 
the other hand, it can be seen that, as the core diameter 
2b increases, the dispersion slope decreases within the 
range where the core diameter 2b is not greater than 4 \m, 
increases within the range where the core diameter 2b is 
greater than 4 \m. and not greater than 7 fim, and decreases 
again within the range where the core diameter 2b is greater 
than 7 m"^. 

Accordingly, it can be seen from Figs. 2 and 3 that, 
in general, when setting the effective core cross-sectional 
area A,„ to a predetermined value, a desired value of 
dispersion slope can be selected from two different 
dispersion slope values. 

Figs. 4 to 7 are views for explaining changes in bit 
error rate (BER) at 5 Gbps accompanying changes in 
dispersion slope, upon measurement, for transmitting 16 
waves of signal light (center wavelength is 1,557.2 nm, 
wavelength interval is 0 .55 nm) , while the dispersion value 
at the center wavelength is -2 ps/nm/km and the effective 
core cross-sectional area is 70 jua', the dispersion slope 
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(ps/ninVkm) is changed among 0.03 (see Fig. 4), 0.05 (see 
Fig. 5), 0.09 (see Fig. 6), and 0.12 (see Fig. 7). Also, 
the transmission distance of the dispersion-shifted fiber 
to be measured is set to 9,000 km, while optical fibers 
for dispersion compensation (in practice, single-mode 
optical fibers for the band of the 1.3-^«n band, whose 
dispersion value at the center wavelength is 18 ps/nm/km) 
are inserted therein at intervals of 400 Km in order to 
nullify accumulated dispersion at the center wavelength, 
in each of Figs. 4 to 7, the ordinate indicates. Q value 
which is a value equivalent to bit error rate. 

Fig. 8 is a view for explaining the above-mentioned 
Qvalue. AS Shown inFig. 8, in an eye pattern of a waveform 
Of signal light at a receiving end, the Q value is defined 
by: 

Q (dB) = 10 X log [(v» - v,)/(a, + o,) 1 (5) 
Wherein v, is a mean value of light intensity at logic -0" 
level, oo is a standard deviation of light intensity at logic 
-0- level, V. is a mean value of light intensity at logic 
-1- level, and a, is a standard deviation of light intensity 
at logic "1" level. 

Here, when transmitting light, BER of 10- or less in 
the above-mentioned transmission dUtance is a sufficient 
performance. The BER of 10- or less is equivalent to a « 
value of 15.7 dB or more. 

AS can be seen from Figs. 4 to 7, the Q value 
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deteriorates more at center channels when the dispersion 
slope value is smaller, while it deteriorates more at longer 
wavelength regions when the dispersion slope value is 
greater. It seems to be because four-wave mixing is likely 
5 to occur at wavelengths in the vicinity of the center 

channel when the dispersion slope value is small? and 
because/ as the dispersion value increases in a long- 
wavelength region such as channel numbers of 14 to 16 when 
the dispersion slope value is large, a synergistic effect 
10 of greatly accumulated dispersion and self-phase 

modulation is generated. 

Accordingly, it can be seen that there is an 
appropriate dispersion slope value for reducing BER in a 
wavelength band of signal light, i.e., for improving the 
15 Q value in this wavelength band. Specifically, it can be 

seen from Figs. 4 to 7 that, the dispersion slope value 
where BER becomes lO" or less, which is considered to be 
a sufficient performance as mentioned above, is from 0.05 

to 0.09 ps/nm'/km. 

20 Fig. 9 is a view for explaining an optical power 

distribution in the fundamental mode of signal light in 
the above-mentioned preferred example. As shown in Fig. 
9, in a cross section perpendicular to the wave-guiding 
direction of signal light, the part where the optical power 

25 distribution in the fundamental mode of signal 

light (equivalent to the electromagnetic field 
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distribution accompanying the propagation of signal light) 
is maximized is set at a position radially separated from 
the center of the core region 110. 

When the optical power in the fundamental mode of 
5 signal light at the center of the core region 110 is Po and 

that the maximum value of optical power distribution is 
Pi, the following expression stands: 

Pi«5.5xP, >1.2xPo (6) 
Thus, the above P^ satisfies the condition of the 
10 above-mentioned expression (3). 

Fig. 10 is a view for explaining an optical power 
distribution in the fundamental mode of signal light in 
an optical fiber according to a comparative example in which 
its relative refractive index difference An^ is 1.5% (n^ 
15 = n,) and Ra (= a/b). is 0.6, while it has the same effective 

core cross-sectional area A.„ (= 78 jim") as that of the 
dispersion-shifted fiber shown in Fig. 9. 

AS shown in Fig. 10, the optical fiber according to 
the comparative example comprises an inner core 191 having 
20 an outside diameter (2a) of 1.36 |m and a refractive index 

of n^; an outer core 192 disposed around the outer periphery 
of the inner core 191 and having an outside diameter (2b) 
of 2.26 tm (i.e., diameter of a core region 190 is 2.26 \m) 
and a refractive index of n, (> nj; and a cladding region 
25 290 disposed around the outer periphery of the outer core 

192 and having a refractive index of n, (< n,). Here, the 
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core region 190 is constituted by the inner core 191 and 
the outer core 192. 

As can be seen from Fig. 10, in the optical fiber 
according to the comparative example, in a cross section 
perpendicular to the wave-guiding direction of signal light, 
the optical power distribution in the fundamental mode of 
signal light is maximized at the center of the core region 
190. 

When the optical power in the fundcunental mode of 
signal light at the center of the core region 190 is Po and 
that the maximum value of optical power distribution in 
the fundamental mode of signal light is P^, the following 
expression stands: 

Pi = Po < 1-2 X Po (7) 

Thus, the above Pi fails to satisfy the condition of 
the eOjove-mentioned expression (3). 

This optical fiber has a dispersion slope of 0.126 
ps/nmVkm and thus cannot attain the above-mentioned 

favorable BER. 

By contrast, in the dispersion-shifted fiber of Fig- 
9, the optical power distribution in the radial direction 
in the fundamental mode has a depression at the center part. 
Therefore, by positively adopting a refractive index 
profile which yields such a power distribution as shown 
in Fig. 6, a dispersion-shifted fiber having a large 
effective core cross-sectional area A^tt and a small 
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dispersion slope can be realized. 

Though the foregoing explanation of the first 
embodiment relates to a refractive index profile in which 
the refractive index n^ of the inner core 111 is the same 
as the refractive index n, of the cladding region 210, the 
refractive index profile can also be such that, as shown 
in Fig. 11, the refractive index ni is greater than the 
refractive index n,. Alternatively, as shown in Pig. 12, 
the refractive index profile can be such that refractive 
index n^ is less than refractive index n,. 

For example, in the dispersion-shifted fiber shown 
in Fig. 12, when the relative refractive index difference 
Ani of the outer core 112 with respect to the cladding region 
210 which is defined by: 

An^ F (n,* - n/)/(2n/) (8) 
is 1.1%, relative refractive index difference An, of the 
inner core 111 with respect to the cladding region 210 which 
is defined bys 

An, = (n,^ - n,M/(2n,») O) 
is -0.6%, the core diameter 2b (outside diameter of the 
outer core) is 6.8 Mm, and ratio Ra (= a/b) of the outside 
diameter 2a of the inner core 111 to the diameter 2b of 
the core region 110 is 0.6; obtained at a wavelength of 

1,550 nm are: 

dispersion (ps/nm/km) ' -2.18 

dispersion slope (ps/nmVkm) s 0.086 
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effective core cross-sectional area (fm*): 81,4 
MFD (fjun) : 7.6 

cutoff wavelength (nm) at a length of 2 m: 1,500, 
In this example, the cutoff wavelength at 2 m length 
5 is 1/500 which is shorter than the wavelength of signal 

light in the 1.55-fim band, thus making it usable for 

short-haul transmission as well. 

second EmHnHim^nt: 

Pig. 13 is a view showing a cross-sectional structure 

10 of a dispersion-shifted fiber according to a second 

embodiment of the present invention and its refractive 
index profile in a diameter direction. As shown in Fig. 
13/ this dispersion-shifted fiber 200 is a single-mode 
optical fiber for propagating signal light in the 1.55-jim 

15 wavelength band and/ in particular, has a refractive index 

profile 201 of a depressed cladding/ring-shaped core 
structure. Namely, the dispersion-shifted fiber 200 of 
the second embodiment comprises an inner core 121 having 
an outside diameter of 2a and a refractive index of n^} an 

20 outer core 122 disposed around the outer peripheiry of the 

inner core 121 and having an outside diameter of 2b (i.e. , 
diameter of a core region 120 is 2b) and a refractive index 
of (> nj ; an inner cladding 221 disposed around the outer 
periphery of the outer core 122 and having an outside 

25 diameter of 2c and a refractive index of n^ (< n,); and an 

outer cladding 222 disposed around the outer periphery of 
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the inner cladding 221 and having a refractive index of 
n« (> n,) . Here, the core region 120 is constituted by the 
inner core 121 and the outer core 122, whereas a cladding 
region 220 is constituted by the inner cladding 221 and 
5 the outer cladding 222. Also, a refractive index profile 

201 indicates refractive index at each part on line L2 in 
the drawing. 

The dispersion-shifted fiber 200 is set such that, 
as characteristics at a wavelength of 1 , 550 nm, its absolute 
10 value of dispersion is within the range of 1.0 to 4.5 

ps/nm/km, dispersion slope is within the range of 0.05 to 
0.09 ps/ninVkm, effective core cross-sectional area is at 
least 70 |unS and cutoff wavelength at 2 m length is at least 
1,300 nm. 

15 in a preferred example thereof, when the refractive 

index ni equals to the refractive index n,, the relative 
refractive index difference An, of the outer core 122 with 
respect to the outer cladding 222 which is defined by: 
An, = (rti' - n«*)/(2n«') (10) 
20 is 1.1%, relative refractive index difference An, of the 

inner core 121 with respect to the outer cladding 222 which 
is defined by: 

An, = (n,^ - n,')/(2n«M (H) 
is -0.4%, the core diameter 2b (outside diameter of the 
25 outer core 122) is 9 nm, ratio Ra (= a/b) of the outside 

diameter 2a of the inner core 121 to the diameter 2b of 
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the core region 120 is 0.6, and the outside diameter 2c 
of the inner cladding 221 is 18 fim; obtained at a wavelength 
o£ 1/550 nm are: 

dispersion (ps/nm/km) : -2.62 

dispersion slope (ps/nrnVkm) : 0.076 

effective core cross-sectional area (^m*): 80.1 
MFD (nm) : 6.3 

cutoff wavelength (nm) at a length of 2 m: 1,702. 
In this preferred example, the cutoff wavelength is 
1,702 nm, thus failing to guarantee single-mode propagation 
of signal light in the 1.55-Mm band at 2 m length. 
Nevertheless, since the cutoff wavelength becomes shorter 
as the transmission distance increases, the cutoff 
wavelength becomes shorter than the wavelength of signal 
light in the case of long-haul transmission such as that 
on the order of 1,000 km, thus leaving no problem in 
practice . 

In a dispersion-shifted fiber having a refractive 
index profile of a depressed cladding/ ring-shaped core 
structure such as that of the second embodiment, when the 
core diameter 2b is changed, the effective core cross - 
sectional area A,„ and MFD would change similarly to those 
in the first embodiment, i.e., as shown in Fig. 2. 
Accordingly, also in the case of such a dispersion-shifted 
fiber, there are two values of core diameter 2b yielding 
the same effective core cross-sectional area A,((. 
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Also, in a dispersion-shifted fiber having a 
refractive index profile of a depressed cladding /ring- 
shaped core structure such as that of the second embodiment, 
when the core diameter 2b is changed, the cutoff wavelength 
at 2 m length and dispersion slope would change in a manner 
similar to those in the first embodiment, i.e., as shown 
in Fig. 3. Accordingly, also in the case of such a 
dispersion-shifted fiber, in order to attain a 
predetermined value of effective core cross-sectional area 
A.„, in general, a desired dispersion slope value can be 
selected from two different dispersion slope values. 

Further, in a dispersion-shifted fiber having a 
refractive index profile of a depressed cladding/ring- 
shaped core structure such as that of the second embodiment, 
15 when the dispersion slope is changed, BER at 5 Gbps would 

change in a manner similar to that in the first embodiment, 
i.e., as shown in Figs. 4 to 7. Accordingly, also in the 
case of such a dispersion-shifted fiber, the dispersion 
slope value at which BER becomes 10"' or less is from 0.05 

20 to 0.09 ps/nmVkm. 

Fig. 14 is a view for explaining an optical power 
distribution of signal light in a fundamental mode in a 
preferred example of the second embodiment. As shown in 
Fig. 14, which is similar to Fig. 9, in a cross section 

25 perpendicular to the wave-guiding direction of the signal 

light, the part where the optical power distribution of 
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signal light in the fundamental mode is maximized is set 
at a position radially shifted from the center of the core 
region 120. 

When the optical power in the fundeunental mode of 
5 signal light at the center of the core region 12 0 is Po and 

that the maximum value of optical power distribution is 
Pi, the following expression stands: 

« 5.3 X Po > 1.2 X Po (12) 
Thus, the above Pj satisfies the condition of the 
10 above-mentioned expression (3). 

With respect to a dispersion-shifted fiber having a 
refractive index profile of a depressed cladding/ring- 
shaped core structure such as that of the second embodiment; 
in an optical fiber of a comparative example in which the 
15 relative refractive index difference Anj is 1.1%, the 

relative refractive index difference An, is -0.4%, and Ra 
(= a/b) is 0.6, while it has the same effective core 
cross-sectional area A,„ (= 80.1 m') as that of the 
dispersion-shifted fiber shown in Fig. 14, the optical 
20 power distribution in the fundamental mode of signal light 

in a cross section perpendicular to the wave-guiding 
direction of the signal light is maximized in the vicinity 
of the center of the core region, thereby its dispersion 
slope cannot attain the above-mentioned favorable BER. 
25 By contrast, in the dispersion-shifted fiber of Fig. 

14, the optical power distribution in the radial direction 
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in the fundamental mode has a depression at the center part. 
When a refractive index yielding such an optical power 
distribution is positively utilized, a dispersion-shifted 
fiber having a large effective core cross-sectional area 
A^ef ai^d a small dispersion slope can be realized. 

Though the foregoing explanation of the second 
embodiment relates to a refractive index profile in which 
the refractive index n^ of the inner core 121 is the same 
as the refractive index n, of the inner cladding 221 , the 
refractive index profile can also be such that, as shown 
in Pig. 15, the refractive index is greater than the 
refractive index n,. Alternatively, as shown in Fig. 16, 
the refractive index profile can be such that the refractive 
index is less than the refractive index n^. 

In the dispersion-shifted fiber having a depressed 
cladding structure as shown in Figs. 15 and 16, each of 
a width and a depth of a depression to be provided in the 
above refractive index profile should be set within an 
appropriate range. The width of depression corresponds to 
a thickness (c-b) of the inner cladding in a diameter 
direction of the fiber and the depth of depression 
corresponds to a relative refractive index difference of 
the inner cladding with respect to the outer cladding. 

Since the dispersion-shifted fiber having a 
refractive index profile of a depressed cladding structure 
has an effect to decrease undesired 2-mode light, as 
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compared with the dispersion-shifted fiber having a matched 
cladding structure without a depression, it is effective 
to make a cutoff wavelength of 2-mode light become short. 
However, in the refractive index profile of the depressed 
cladding structure, when a width, which corresponds to a 
thic)cnes6 (c-b) of the inner cladding, of a depression to 
be provided therein becomes too narrow (namely, the value 
2c/2b approaches 1 ) or when a width of a depression provided 
therein becomes too wide (namely, the value 2c/2b becomes 
too large), an effect of the depressed cladding structure 
with respect to the matched cladding structure can not be 
obtained. Therefore, it is necessary that the inner 
cladding has an appropriate outer diameter to the outer 
core, and it is preferable that the dispersion-shifted 
fiber having a refractive index profile of a depressed 
cladding/ring-shaped core structure satisfies the 
following relationship: 

1.2 s: 2c/2b s 2.2* 
Additionally, in the dispersion-shifted fiber according 
to the present invention, it is necessary for the relative 
refractive index difference An^ of the outer core with 
respect to the cladding region (or outer cladding) and the 
relative refractive index difference An, of the inner core 
with respect to the cladding region (or outer cladding) 
to satisfy the following relationship: 

Anj - An, as 1%. 
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Namely, since the dispersion value of the 
dispersion-shifted fiber depends, in a refractive index 
profile in a diameter direction within its core region, 
on the amount of depression (An^ - An,) of a depressed area 
5 corresponding to thQ core center region; in order to obtain 

a sufficient dispersion value, at least the amount of 
depression is required to be 1.0% or more. 

For example, in the dispersion-shifted fiber having 
a refractive index profile as shown in Fig. 16, when the 
10 relative refractive index difference An^ of the outer core 

122 with respect to the outer cladding 222 which is defined 
by: 

An^ = (n,^ - n,^)/(2n,^) (13) 
is 0.97%, relative refractive index difference An, of the 
15 inner core 121 with respect to the outer cladding 222 which 

is defined by: 

An, = <ni' - n,M/(2n,^) (14) 
is -0.45%, relative refractive index difference An, of the 
inner cladding 221 with respect to the outer cladding 222 
20 which is defined by: 

An, = (n,' - n^^)/(2n^^) (15) 
is -0.20%, the core diameter 2b (outside diameter of the 
outer core 122) is 8 jua, ratio Ra (= a/b) of the outside 
diameter 2a of the inner core 121 to the diameter 2b of 
25 the core region 120 is 0.6, and ratio {2c/2b) of the outside 

diameter 2c of the inner cladding 221 to the outside 
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diameter 2b of the core region 120 is 2,0; obtained at a 
wavelength of 1/550 nm are: 

dispersion (ps/nm/km) : -1.88 

dispersion slope (ps/nm^/km) : 0.077 

5 effective core cross-sectional area (jxm^): 83.0 

MFD (m) • 7.2 

cutoff wavelength (mn) at a length of 2 m: 1^473. 

When the optical power in the fundamental mode of 
signal light at the center of the core region 120 is Po and 
10 that the maximum value of optical power distribution is 

Pir the following expression stands: 

Pib3.6xPo>1.2xPo (16). 

ThuS/ the above Pj satisfies the condition of the 
above-mentioned expression (3). 
15 Further/ when the relative refractive index 

difference An^ of the outer core 122 with respect to the 
outer cladding 222 which is defined by: 

An^ = (n,^ - n/)/(2n,M (17) 
is 0.90%/ relative refractive index difference Anj of the 
20 inner core 121 with respect to the outer cladding 222 which 

is defined by: 

An, = (n^' - n^^)/{2n,^) (18) 
is -0.45%/ relative refractive index difference An, of the 
inner cladding 221 with respect to the outer cladding 222 
25 which is defined by: 

An, = (n," - n,*)/(2n4') (19) 
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is -0.45% r the core diameter 2b (outside diameter of the 
outer core 122) is 8.3 \m, ratio Ra (= a/b) of the outside 
diameter 2a of the inner core 121 to the diameter 2b of 
the core region 120 is 0.6, and ratio (2c/2b) of the outside 
diameter 2c of the inner cladding 221 to the outside 
diameter 2b of the core region 120 is 1.5; obtained at a 
wavelength of 1^550 nm are: 

dispersion (ps/nm/km) : -2.19 

dispersion slope (ps/nmVkm) : 0.069 

effective core cross-sectional area (jAm^): 77.2 
MFD (Jim) s 7.0 

cutoff wavelength (nm) at a length of 2 m: 1/476. 
When the optical power in the fundcuaental mode of 
signal light at the center of the core region 120 is Po and 
that the maximum value of optical power distribution is 
Pir the following expression stands: 

Pi m 3.2 X Po > 1.2 X Po (20) 
Thus, the above P^ satisfies the condition of the 
above-mentioned expression (3). 

Further / decreasing (or increasing the absolute 
value thereof when negative) the relative refractive index 
difference An, of the inner core with respect to the cladding 
region (or outer cladding) is effective in shortening its 
cutoff wavelength. Accordingly , when short-haul optical 
transmission is taken into cons iderat ion , it is necessary 
for An, to be -0.4% or smaller in order to attain a cutoff 
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wavelength of 1^550 nm or shorter at 2 m length. 

As various characteristics yielding each 
dispersion-shifted fiber mentioned above ^ tolerances of 
An^r Anjr Ra (= 2a/2b), and 2b are shown in Figs. 17 and 
5 18. In the case of a dispersion-shifted fiber having a 

refractive index of a ring-shaped core structure, An^ is 
the relative refractive index difference of the outer core 
with respect to the cladding region, whereas An^ is the 
relative refractive index difference of the inner core with 
10 respect to the cladding region. In the case of a 

dispersion-shifted fiber having a refractive index of a 
depressed cladding/ring-shaped core structure, An^ is the 
relative refractive index difference of the outer core with 
respect to the outer cladding, whereas An, is the relative 
15 refractive index difference of the inner core with respect 

to the outer cladding. 

Ab can be seen from the table of Fig. 17, in order 
to obtain the above-mentioned various characteristics/ it 
is necessary for the outside diameter 2a of the inner core 
20 and the outside diameter 2b of the outer core (meaning as 

core diameter) to satisfy the following relationships: 
0.4 i Ra {= 2a/2b) as 0.8 
5 (jun ^ 2b ^ 14 ^m. 

The above relationships do not depend on the relative 
25 refractive index differences Anj and An^. When these 

relationships are not satisfied, the above-mentioned 
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various characteristics of the dispersion-shifted fiber 
cannot be obtained. In the graph of Fig. 18/ the hatched 
area is a region where the outside diameter 2a of the inner 
core and the outside diameter 2b of the outer core (meaning 
5 as core diameter) satisfy the above-mentioned 

relationships. For example, (a) when the values of Ra ( = 
2a/2b) and 2b are in the area indicated by A in Fig. 18, 
the dispersion slope value becomes too large; (b) in the 
area indicated by B therein, the effective core cross- 

10 sectional area H^^t becomes too large, and bending loss 

increases; (c) in the area indicated by C therein, the 
dispersion value becomes too large; and (d) in the area 
indicated by D therein, the effective core cross-sectional 
area A^^^ becomes too small. 

15 As explained in the foregoing, since the 

dispersion-shifted fiber according to the present 
invention is- set such that, as various characteristics at 
a wavelength of 1,550 nm, the absolute value of dispersion 
is within the range of 1.0 to 4.5 ps/nm/km, the effective 

20 core cross-sectional area A.^^ is at least 70 jun*, the cutoff 

wavelength at 2 m length is at least 1,300 nm, and the 
dispersion slope is within the range of 0.05 to 0.09 
ps/nmVkm; it can realize high-quality long-haul optical 
transmission, while effectively restraining nonlinear 

25 optical effects from occurring. 

Further, since the dispersion-shifted fiber 
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according to the present invention has a refractive index 
profile of a ring-shaped core structure (including a 
refractive index profile of a depressed cladding/ring- 
shaped core structure) r the dispersion-shifted fiber 
having the above characteristics at the wavelength of 1550 
nra can be realized favorably. 

Moreover, the refractive index profile of the 
dispersion-shifted fiber according to the present 
invention is adjusted such that the position where the 
optical power distribution in the fundamental mode of 
signal light is maximized is radially separated from the 
center of the core region by a predetermined distance. 
Specifically, the inventors prepared a plurality of optical 
fiber samples each having a form of electromagnetic field 
distribution (equivalent to the optical power 
distribution) which can be approximately regarded as a 
Gaussian distribution, while the position where the 
electromagnetic field distribution is maximized is 
separated from the center of the core region by a 
predetermined distance* Fig. 19 is a graph showing a 
typical example of electromagnetic field distribution in 
thus prepared plurality of optical fiber samples, in this 
graph, the electric field amplitude indicated in the 
ordinate is standardized with its maximum value taken as 
1. 

Of thus prepared optical fiber samples, the inventors 
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further selected having an effective core cross-sectional 
area A.„ of about 80 mnS and investigated the relationship 
between the distance from the position of the maximum 
electromagnetic field distribution to the center of the 
core region and the mode field diameter (MFD) . Fig. 20 is 
a graph showing the dependence of MFD on distance, whereas 
Fig. 21 is a graph showing the dependence of loss caused 
by microbend on distance. As shown in Fig. 20, within the 
range where the distance from the center of the core region 
to the maximum position of electromagnetic field 
distribution is from about 0.5 ^m to about 2.5 |im, MFD 
decreases as the distance increases, from which it has been 
confirmed that the dispersion-shifted fiber according to 
the present invention can reduce MFD while keeping an 
effective core cross-sectional area A.„ equivalent to that 
in the conventional optical fiber. 

on the other hand, as shown in Fig. 21, the longer 
is the distance from the center of the core region to the 
position where the electromagnetic field distribution is 
maximized, the smaller becomes the loss caused by microbend. 
Accordingly, when the microbend loss is taken into 
consideration, the above-mentioned distance should 
preferably be made as long as possible. Nevertheless, when 
this distance exceeds 5 jm, the cutoff wavelength extremely 
shifts to the longer wavelength side than the signal light 
wavelength, thus failing to secure single-mode optical 
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t r ansmis s ion • 

in view of the foregoing, the dispersion-shifted 
fiber according to the present invention is designed such 
that the position where the optical power distribution of 
signal light in the fundamental mode is maximized is 
radially separated from the center of the core region by 

0.5 ma to 5 t"o. 

Fig. 22 shows results of measurement of various 
characteristics with respect to light having a wavelength 
of 1 . 55 jun ( 1 , 550 nm) in two samples each having a refractive 
index profile of a single-ring structure. In this table. 
An- and An* respectively refer to relative refractive index 
differences of the inner and outer cores with respect to 
the cladding region which are defined as: 

An- = (n,* - n„x<,')/2n„xa' <21) 
An* = (n,' - n„i*M/2n»i.* (22) 
Wherein n, is the refractive index of the inner core, n, 
is the refractive index of the outer core disposed around 
the outer periphery of the inner core, and n,,, is the 
refractive index of the cladding region disposed around 
the outer periphery of the outer core, each of which is 
expressed in terms of percentage. Also, since the 
refractive indexes in each equation can be placed in random 
order, when the relative refractive index difference has 
a negative value, it means that the refractive index of 
the corresponding glass region is lower than that of the 
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Cladding region. In the case of a refractive index profile 
of a depressed cladding structure, the above-mentioned 
reference refractive index n^w is the refractive index of 
the outer cladding in the cladding region. 

in addition, nonlinear refractive index N, in this 
table is defined as follows. Namely, refractive index <N> 
of a medium under strong light varies depending on the 
optical power. Accordingly, the effect of the minimum- 
order on this refractive index <N> is: 

<N> = <N,> + <N'> • (23) 
wherein 

<No> is a refractive index with respect to linear 

polarization ; 

<N,> is a nonlinear refractive index with respect to 

third-order linear polarization; and 

E is an optical electric field amplitude. 
Under strong light, the refractive index <N> of the 
medium is given by the sum of the normal value <N,> and an 
increase which is proportional to the square of optical 
electric field amplitude E. in particular, the constant 
of proportion <N,> (unit: mWM in the second term is called 
nonlinear refractive index. 

Fig. 23 is a graph showing a relationship between the 
refractive index profile of sample 1 shown in the table 
of Fig. 22 and its optical power along a radial direction 
from the center. The value of optical power is 
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Standardized with the maximum value taken as 1, and 
indicated as the optical power is its fundamental mode 
(LPOl) and second-order mode (LPll). Also, each of samples 
1 and 2 has a single-ring structure, whereas germanium oxide 
5 is added to pure silica glass in the vicinity of the glass 

part (outer core) where the refractive index is maximized, 
which is disposed outside the core center (inner core), 
thus increasing the refractive index. By contrast/ in the 
vicinity of the core center (inner core) , pure silica glass 

10 is doped with fluorine, so that refractive index is lowered. 

With respect to light having a wavelength of 1.55 \m 
(the center wavelength of l,55-|im wavelength band; 1,550 
nm) , the optical fiber of sample 1 yields an effective core 
cross-sectional area A.^^ of 87 nm^ and an MFD of 11.2 nm, 

15 thus being capable of reducing the MFD by about 20% as 

compared with the conventional optical fiber having the 
equivalent effective core cross-sectional area h^tt^ which 
yields an MFD of about 13 (m. 

Further, in order -^:o evaluate loss caused by 

20 microbend, the inventors wound the dispersion-shifted 

fiber of sample 1 around a reel having a dicuaeter of 280 
mm and a surface provided with sandpaper / and measured 
fluctuations in loss before and after winding. As a result, 
it has been confirmed that, while the increase in loss of 

25 sample 1 with respect to light having a wavelength of 1.55 

fim is 0.19 dB/km, the conventional optical fiber yields an 
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increase in loss of 1.12 dB/km, whereby the 
dispersion-shifted fiber of sample 1 can greatly reduce 
the increase in loss caused by microbend. 

In the dispersion-shifted fiber of sample 2, the 
position yielding the maximum optical power with respect 
to light having a wavelength of 1.55 (im is separated from 
the core center by about 3 urn. For the light having a 
wavelength of 1.55 \aii, sample 2 has an effective core 
cross-sectional area A.„ of 86 urn' and an MFD of 11.0 m- 
Though the cutoff wavelength ^ at 2 m length in each of 
samples 1 and 2 is 1 .7 jm/ which is longer than the wavelength 
used (1.55-|un wavelength band), both samples would 
effectively function in a single mode under their normal 
state of usage, since the single mode is guaranteed at a 
fiber length of 100 m or more with respect to light having 

a wavelength of 1.55 \m. 

After the increase in loss by microbend was similarly 
evaluated in the dispersion-shifted fiber of sample 2, it 
has been confirmed that its increase in loss is quite small, 
i.e., O.lldB/km. For the light having a wavelength of 1.55 
Mm, the wavelength dispersion value of sample 2 is -2.6 
ps/mm/km. That is, the dispersion value at the wavelength 
used is not zero (zero-dispersion wavelength X, is shifted 
to the longer wavelength side than the used wavelength of 
1.55 jun). Consequently, the occurrence of four-wave 
mixing, which causes signals in wavelength multiplexing 
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transmission to deter iorate , is reduced. 

Though each of the above-mentioned samples 1 and 2 
has a refractive index profile of a single-ring structure 
in which the inner core has a refractive index lower than 
that of the cladding region as shown in Fig- 24, they should 
not be restricted to this refractive index profile . Namely/ 
the refractive index profile applicable to the 
dispersion-shifted fiber according to the present 
invention may be, for example, a structure in which the 
refractive index of the inner core and that of the cladding 
region coincide with each other as shown in Fig. 25, a 
depressed ring structure shown in Fig. 26, or a double-ring 
structure shown in Fig. 27. 

As explained in the foregoing, in the dispersion- 
shifted fiber according to the present invention / the 
position where the optical power distribution of signal 
light in the fundamental mode is maximized is radially 
separated from the center of the core region by a 
predetermined distance, while, when the optical power in 
the fundamental mode of signal light at the center of the 
core region is Po and the maximvua value of the optical power 
distribution in the fundamental mode is Pi, the maximum 
value Pi satisfies to be greater than the value of 1.2 times 
the optical power Po at the center of core region. 
Consequently, it can realize a structure in which the 
effective core cross-sectional area A^^^ can be increased 
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while keeping the mode field diameter (MFD) small. 

In particular, when the position yielding the maximum 
value of optical power is separated from the center of the 
core region by 0.5 to 5 the effective core cross- 
5 sectional area A.,t can be efficiently enhanced. 

Further, since the refractive index profile of the 
dispersion-shifted fiber according to the present 
invention is designed such that desired values can be 
obtained as characteristics with respect to light at the 
10 center wavelength (1,550 nm) in the 1 . SS-pm wavelength band, 

it can effectively restrain nonlinear optical phenomena 

from occurring. 

From the invention thus described, it will be obvious 
that the implementation of the invention may be varied in 
15 many ways. Such variations are not to be regarded as a 

departure from the spirit and scope of the invention, and 
all such modifications as would be obvious to one skilled 
in the art are intended for inclusion within the scope of 
the following claims. 
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WHAT TS r.T.ATMF.D IS I 

1. A dispersion-Shifted fiber for propagating 
signal light in a wavelength band of 1.55 \m, said 
dispersion-shifted fiber comprising a core region 

5 extending along a predetermined reference axis and a 

cladding region provided around the outer periphery of said 
core region, said dispersion-shifted fiber having, at a 
center wavelength of said wavelength band of 1.55 jm, 
characteristics of: 

10 a dispersion whose absolute value is from 1.0 to 4.5 

ps/nm/km; 

a dispersion slope of 0.05 to 0.09 ps/nmVkm; 

an effective core cross-sectional area not less than 

70 \m'; and 

15 a cutoff wavelength not less than 1,300 nm at a fiber 

length of 2m. 

2. A dispersion-shifted fiber according to claim 

1, wherein said core region comprises: 

an inner core having a first refractive index, and 
20 an outer core provided around the outer periphery of 

said inner core and having a second refractive index higher 
than said first refractive index; and 

wherein said cladding region is provided around the 
outer periphery of said outer core and has a refractive 
25 index lower than said second refractive index. 

3. A dispersion-shifted fiber according to claim 
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2, wherein said dispersion-shifted fiber satisfies the 
following relationships: 

0.4 s Ra (= 2a/2b) a: 0.8 

5 ^ ^ 2b ^ 14 Mm 
wherein 2a is an outside diameter of said inner core, and 
2b is an outside diameter of said outer core. 

4. A dispersion-shifted fiber according to claim 
2, wherein said dispersion-shifted fiber satisfies the 
following relationship: 

Ani - An, as 1% 

wherein An^ is a relative refractive index difference of 
said outer core with respect to said cladding region, and 
An, is a relative refractive index difference of said inner 
core with respect to said cladding region. 

5. A dispersion-shifted fiber according to claim 
4, wherein said relative refractive index difference An, 
of said inner core with respect to said cladding region 
is not greater than -0.4%. 

6. A dispersion-shifted fiber according to claim 
2, wherein said cladding region comprises: 

an inner cladding provided around the outer periphery 
of said outer core and having a third refractive index lower 
than said second refractive index; and 

an outer cladding provided around the outer periphery 
of said inner cladding and having a fourth refractive index 
higher than said third refractive index. 
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7. A dispersion-Shifted fiber according to claim 
6,. wherein said dispersion-shifted fiber satisfies the 
following relationships : 

0.4 s Ra (= 2a/2b) s 0.8 

5 5 |ua £ 2b s 14 (ua 

wherein 2a is an outside diameter of said inner core, and 
2b is an outside diameter of said outer core. 

8. A dispersion-shifted fiber according to claim 
6, wherein said dispersion-shifted fiber satisfies the 

10 following relationship: 

1.2 a: 2c/2b s 2.2 
wherein 2c is an outer diameter of said inner cladding, 
and 2b is an outer diameter of said outer core. 

9. A dispersion-shifted fiber according to claiia 
15 6, wherein said dispersion-shifted fiber satisfies the 

following relationship: 
Ani - Anj :s 1% 

wherein An^ is a relative refractive index difference of 
said outer core with respect to said outer cladding, and 
20 An, is a relative refractive index difference of said in^^r 

core with respect to said outer cladding. 

10. A dispersion-shifted fiber according to claim 
9, wherein said relative refractive index difference An, 
of said inner core with respect to said outer cladding is 

25 not greater than -0.4%. 

11. A dispersion-shifted fiber according to claim 
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I, wherein, in a cross section perpendicular to a 
wave-guiding direction of said signal light, a part where 
an optical power distribution in the fundamental mode of 
said signal light or an electromagnetic field distribution 
accompanied therewith is maximized lies at a position 
radially separated from the center of said core region by 
a predetermined distance. 

12. A dispersion-shifted fiber according to claim 

II, wherein said dispersion-shifted fiber satisfies the 
following relationship: 

Pi > 1.2 X Po 

wherein P, is an optical power in said fundamental mode at 
said center of core region, and P^ is a maximum value of 
said optical power distribution in said fundamental mode. 

13. A dispersion-shifted fiber for propagating 
signal light in a wavelength band of 1.55 (ua, said 
dispersion-shifted fiber comprising a core region 
extending along a predetermined reference axis and a 
cladding region provided around the outer periphery of said 

core region, 

wherein a position where an optical power 
distribution in the fundamental mode of said signal light 
is maximized is radially separated from the center of said 
core region by a predetermined distance; and 

wherein said dispersion-shifted fiber satisfies the 
following relationship: 
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> 1.2 X Po 

wherein Po is an optical power in said fundamental mode at 
said center of core region, and P, is a maximum value of 
said optical power distribution in said fundamental mode. 

14 . A dispersion-shifted fiber according to claim 
13, wherein said position where said optical power 
distribution in said fundamental mode of said signal light 
is maximized is radially separated from said center of core 

region by 0.5-5 \aa. 

15. A dispersion-shifted fiber according to claim 
13, wherein said dispersion-shifted fiber has an effective 
core cross sectional area not less than 70 at a center 
wavelength of said wavelength band of 1.55 m- 

16 . A dispersion-shifted fiber according to claim 
13, Wherein said dispersion-shifted fiber has a zero- 
dispersion wavelength set so as to shift from said 

wavelength band of 1.55 jim. 

17 . A dispersion-shifted fiber according to claim 
13, wherein said dispersion-shifted fiber has, at a center 
wavelength of said wavelength band of 1.55 |im, 
characteristics of; 

a dispersion whose absolute value is from 1.0 to 4.5 

ps/nm/km; 

a dispersion slope of 0.05 to 0.09 ps/nmVkm; 

an effective core cross-sectional area not less than 

70 jun*; and 
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a cutoff wavelength not less than 1,300 nm at a fiber 

length of 2 m. 

18. A dispersion-shifted fiber according to claim 
17/ wherein said core region comprises: 

an inner core having a first refractive index, and 
an outer core provided around the outer periphery of 

said inner core and having a second refractive index higher 

than said first refractive index; and 

wherein said cladding region is provided around the 

outer periphery of said outer core and has a refractive 

index lower than said second refractive index. 

19. A dispersion-shifted fiber according to claim 
18, wherein said cladding region comprises: 

an inner cladding provided around the outer periphery 
of said outer core and having a third refractive index lower 
than said second refractive index; and 

an outer cladding provided around the outer periphery 
of said inner cladding and having a fourth refractive index 
higher than said third refractive index. 
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